Introduction
============

Ischemic heart disease due to coronary atherosclerosis or spasm is one of the leading causes of death and disability worldwide. Coronary heart disease alone caused approximately one of every six deaths in the United States in 2010.[@b1-ijn-10-409] There are a variety of anti-myocardial ischemic drugs and adjuvants; however, many exhibit a short blood half-life and/or poor water solubility, which limits their accumulation in the ischemic regions of the heart.[@b2-ijn-10-409]--[@b4-ijn-10-409] Furthermore, some compounds, such as adenosine and vascular endothelial growth factor, have been shown to induce severe systemic side effects.[@b2-ijn-10-409],[@b5-ijn-10-409] To maximize their efficacy while minimize adverse effects, such drugs should be efficiently delivered to and retained in the ischemic regions.

Myocardial ischemia, on the one hand, causes a significant decrease in blood flow (the ratio of blood flow in the normal to ischemic myocardial region was reported to be approximately 10:1[@b6-ijn-10-409]), making efficient local drug delivery challenging. On the other hand, it causes some targeting-facilitated pathophysiological changes, especially the enhanced permeability and retention (EPR) effect.[@b7-ijn-10-409],[@b8-ijn-10-409] Both various nano-sized insoluble drug delivery systems (eg, liposomes, micelles, nanoparticles, microbubbles, and cell ghosts) and soluble polymeric drugs are now used to target parenteral drugs to ischemic myocardia by the EPR effect alone or in combination with certain active and/or physicochemical targeting mechanism/mechanisms.[@b9-ijn-10-409]--[@b11-ijn-10-409] By comparison, polymeric drugs, which generally have a smaller size than the former, could achieve the longer retention time in the blood and higher drug stability, as well as better drug release and targeting behaviors.[@b12-ijn-10-409] In particular, PEGylation, the process of covalent attachment of one or more polyethylene glycol (PEG) chains to a drug molecule, has been considered as the method of choice for improving the pharmacokinetics and stability of parenteral agents.[@b13-ijn-10-409],[@b14-ijn-10-409] However, there are yet few reports on using PEGylation as a way for cardiac drug delivery.

Radix Ophiopogonis polysaccharide (ROP), a natural fructan with a molecular weight of 4.8 kDa, has unique anti-myocardial ischemic activities.[@b15-ijn-10-409],[@b16-ijn-10-409] It was found[@b17-ijn-10-409] that the accumulation of ROP (hydrodynamic size: \~2 nm) in the hearts of rats with experimental myocardial ischemia was approximately 2.2-fold higher than that in normal rat hearts, suggesting that the EPR effect caused by ischemia can surpass the negative effect of the decreased blood flow on drug distribution during ischemia. However, the total amount of ROP distributed in the heart was extremely low due to the rapid renal excretion of ROP (blood half-life: \~0.5 hours[@b18-ijn-10-409]). To combat this, ROP was mono-PEGylated successfully with 20-, 30-, or 40-kDa PEG to markedly improve its pharmacokinetic behaviors, without sacrificing therapeutic efficacy.[@b19-ijn-10-409] When administrated at the same molar dose of 4 μmol/kg per injection as ROP, the conjugates could achieve comparable or even better therapeutic effects although their administration intervals were 2- to 6-fold longer than those of ROP.[@b19-ijn-10-409] In addition, it was found in a mouse model of myocardial ischemia established by isoprenaline injection that by mono-PEGylating with 20-kDa PEG, the distribution of ROP in ischemic hearts increased by approximately 30-fold, and was approximately 1.6-fold greater than in normal hearts owing to the EPR effect caused by ischemia.[@b20-ijn-10-409] However, yet unknown is the cardiac distribution of mono-PEGylated ROPs in two clinically more-relevant circumstances, ie, 1) myocardial infarction (MI) caused by the long-term coronary artery blockage and 2) ischemia/reperfusion (IR), which refers to the renewal of blood flow to ischemic myocardia with the use of thrombolytic therapy or primary percutaneous intervention after an ischemic episode.

The goal of this study was therefore to further characterize the passive targeting behaviors of mono-PEGylated ROPs in both MI and IR. Permanent ligation and transient ligation of the left coronary artery were adopted to induce the aforementioned two clinically relevant pathological statuses of myocardial ischemia in rats, respectively. To determine the effect of the molecular size of conjugates, two representative conjugates (ie, 20- and 40-kDa PEG mono-modified ROPs), whose values are around the midpoint and the upper inflection point of the sigmoidal-shaped profile of plasma half-lives versus apparent molecular weights, respectively,[@b21-ijn-10-409] were studied in parallel at three time points postdose after a sensitive and specific method for determining them quantitatively in biosamples was established.

Materials and methods
=====================

Materials and animals
---------------------

ROP was prepared according to a previous report.[@b22-ijn-10-409] Linear amino-terminated PEG methyl ether (mPEG-NH~2~) hydrochlorides, with molecular weights of 20- and 40-kDa, were purchased from Jenkem Technology Co., Ltd. (Beijing, People's Republic of China). *p*-nitrophenyl chloroformate and 4-N,N-(dimethylamino) pyridine were purchased from Fluka (Buchs, Germany). Fluorescein isothiocyanate (FITC) was purchased from Sigma-Aldrich Co. (St Louis, MO, USA). Extra dry dimethyl sulfoxide, dichloromethane (CH~2~Cl~2~), and pyridine were purchased from Acros Organics (Geel, Belgium). All the other chemicals were of reagent grade and were purchased from commercial sources.

Male Sprague Dawley rats, weighing 200--250 g, were supplied by the Lab Animal Center of Shanghai University of Traditional Chinese Medicine (Shanghai, People's Republic of China). They were kept in an environmentally controlled breeding room for at least 4 days before starting the experiments and were fed with standard laboratory food and water ad libitum. The Animal Ethical Experimentation Committee of Shanghai University of Traditional Chinese Medicine approved all the procedures of the animal experiments, which were carried out according to the requirements of the National Act on the Use of Experimental Animals (People's Republic of China).

Preparation of FITC-labeled mono-PEGylated ROPs
-----------------------------------------------

The mono-PEGylated ROPs were synthesized through a moderate coupling reaction between hydroxyl-activated ROP and mPEG-NH~2~, according to a previous report.[@b19-ijn-10-409] The molar ratios of hydroxyl-activated ROP to 20- and 40-kDa mPEG-NH~2~s in the reaction were set at 4:1 and 6:1, respectively, to get the mono-PEGylated conjugates. Characterization of the conjugates was carried out by high-performance gel permeation chromatography (HPGPC) in conjunction with anthrone--sulfuric acid colorimetry, according to a previous report.[@b19-ijn-10-409] To determine their levels in biosamples, the conjugates were prelabeled with FITC before administration, according to a method previously established.[@b23-ijn-10-409]

Preparation of standard and quality control samples
---------------------------------------------------

Stock solutions of FITC-labeled 20-kDa PEG mono-modified ROP (^F^MP~20k~-R) and 40-kDa PEG mono-modified ROP (^F^MP~40k~-R) in distilled water at concentrations of 1.002 and 4.08 mg/mL, respectively, were prepared. Two series of standard solutions, with concentrations ranging from 15.66 to 501 μg/mL and 63.75 to 2040 μg/mL, were then obtained by further dilution of the two stock solutions with distilled water, respectively.

To prepare the standard calibration samples, a 10-μL aliquot of each standard solution was placed in a 1.5-mL centrifuge tube, followed by the addition of 100 μL of heart tissue homogenate. After being homogenized thoroughly by vortexing, the mixture was treated according to the sample pretreatment procedure described below. The final standard homogenate concentrations of ^F^MP~20k~-R and ^F^MP~40k~-R were 1.42--91.09 μg/mL and 5.80--370.91 μg/mL, respectively. The quality control (QC) samples, which were used in method validation, were prepared in the same way as the standard calibration samples.

Sample pretreatment procedure and analytical conditions
-------------------------------------------------------

For pretreating heart homogenates, 21.5 μL of 1 M perchloric acid was added to a 50-μL supernatant obtained by centrifuging a 100-μL portion of each homogenate. The mixture was vortexed and then centrifuged at 10,000 rpm for 2 minutes to precipitate denatured proteins. A 50-μL portion of the supernatant was transferred to a new tube and neutralized by the addition of 16 μL of 1 M NaOH. After another centrifugation, the supernatant was assayed by the method described below. For pretreating plasma samples, 40 μL of 1 M perchloric acid was added to a 100-μL portion of each plasma sample to precipitate plasma proteins. An 80-μL portion of the supernatant obtained was then neutralized by the addition of 30 μL of 1 M NaOH. After the second centrifugation, the supernatant was analyzed by the same method.

The assay system consisted of an Agilent 1200 series HPLC (Agilent Technologies, Santa Clara, CA, USA) with a fluorescence detector set at λ~ex~ 495 nm and λ~em~ 515 nm. Samples were separated by HPGPC using a Shodex OHpak SB-803 HQ column. The eluent was 0.1 M phosphate buffer (pH 7.4), delivered at a flow rate of 0.5 mL/min. The chromatographic procedures were performed at 30°C. The volume of injection was 10 μL.

Preparation of rat models of MI and IR
--------------------------------------

The MI and IR were induced by permanent ligation and transient ligation of the left coronary artery, respectively, as described previously.[@b24-ijn-10-409] In brief, after being anesthetized by intraperitoneal injection of 10% chloral hydrate, rats were intubated and ventilated mechanically. A left intercostal thoracotomy was performed to expose the heart. The rat model of MI was induced by permanent ligation of the left coronary artery with a 4--0 silk suture. To prepare the rat model of IR, coronary perfusion was restored by loosening the suture after transient ligation of the left coronary artery for 30 minutes. The ischemic condition was confirmed by evidence of immediate changes, including sudden pallor, distinct dilatation, and paralysis of the affected portion of the left ventricle.

Measurement of infarct sizes
----------------------------

The infarcted area was determined by triphenyltetrazolium chloride (TTC) staining in both MI and IR rats. Briefly, the heart was harvested and rinsed with normal saline. The excised left ventricle was frozen at −20°C for 30 minutes, and then sectioned from apex to base into approximately 2-mm slices. The slices were incubated in a solution of 1% TTC in phosphate buffered saline (pH 7.4) at 37°C for 15 minutes in darkness, and then fixed in 10% formaldehyde. The slices were photographed the next day by a digital camera. The infarcted (TTC nonstained) area was isolated from the rest of the cardiac tissue, which was stained red by TTC. The infarcted and normal tissues were separately weighed and the infarct size was expressed as a percentage of mass of the left ventricle.

Cardiac distribution
--------------------

Rats in normal, MI, and IR groups were given ^F^MP~20k~-R or ^F^MP~40k~-R at the same molar dose of 4 μmol/kg via the tail vein and were sacrificed at 3, 12, and 24 hours postdose (4--5 rats in each group were sacrificed at each time point). The conjugates were injected at the 3rd day post-MI; however, they were administered immediately after the IR surgery finished. Blood samples were collected into heparin-containing tubes from the abdominal aorta and immediately centrifuged at 10,000 rpm for 10 minutes. The separated plasma was stored at −20°C for subsequent analysis. Meanwhile, the hearts were excised, rinsed with saline solution to wash away the residual blood, and blotted on filter paper. The left ventricle wall was isolated from the rest of the cardiac tissue, and then homogenized by a 3-fold volume (m/v) of phosphate buffered saline (pH 7.4). The heart homogenates were stored at −20°C for subsequent analysis.

Data analysis
-------------

Data are presented as mean ± standard deviation. One-way analysis of variance was used for comparisons among groups. Least squares deconvolution multiple comparison was performed between means when equal variances were assumed, while Dunnett's T3 was used when equal variances were not assumed. In all analyses, *P*\<0.05 was considered to indicate statistical significance.

Results
=======

Method validation
-----------------

The specificity of the method was accessed by the inspection of chromatograms derived from processed blank and cardiac homogenate samples. The results showed that both ^F^MP~20k~-R and ^F^MP~40k~-R were well separated from the other substances, and no interferences were detected ([Figure 1](#f1-ijn-10-409){ref-type="fig"}). The typical retention times for ^F^MP~20k~-R and ^F^MP~40k~-R were approximately 15.1 and 13.9 minutes, respectively.

Standard curves of the peak height (Y) to the concentration (C) were constructed using the 1/C weighted linear least squares regression model. The linearity was evident over the concentration ranges studied, with the correlation coefficients larger than 0.999 ([Table 1](#t1-ijn-10-409){ref-type="table"}). The detection limit and quantification limit of the method were calculated from the signal-to-noise ratio of 3 and 10, respectively. The results are listed in [Table 1](#t1-ijn-10-409){ref-type="table"}, which indicate that the method is sensitive enough for this study.

The accuracy and precision of the method were examined by adding the known amounts of reference standards to blank heart tissue homogenates. The accuracy describes the closeness of test results obtained by the method to the true value of the analyte and the precision is the coefficient of variation of test results. The results showed that the method was accurate and precise, with the relative recoveries ranging from 94% to 101% and the within- and inter-batch relative standard deviation values less than 16% ([Table 2](#t2-ijn-10-409){ref-type="table"}). The absolute recoveries of ^F^MP~20k~-R and ^F^MP~40k~-R, which were tested at three QC levels by comparing the peak heights of pretreated heart tissue homogenates with those obtained by direct injection of standard solutions at the same concentrations, were between 48% and 66% ([Table 2](#t2-ijn-10-409){ref-type="table"}).

The stability of ^F^MP~20k~-R and ^F^MP~40k~-R in cardiac tissue homogenates was investigated under a variety of storage and process conditions, including being kept at room temperature for 24 hours, in a refrigerator (−20°C) for 4 days, and undergoing two freeze--thaw cycles. The ratios of the assay results of QC samples stored under different conditions to those freshly prepared were within 90%--115%.

As a whole, the method established was confirmed to be qualified for this study. In addition, the method used for determining plasma samples was also validated in our previous reports.[@b21-ijn-10-409],[@b25-ijn-10-409]

Measurement of infarct sizes
----------------------------

The infarct size in MI rats suffering from 4-day ligation of the left coronary artery was 17.3%±4.2% (n=4), and the value in IR rats suffering from transient 30-minute ligation and subsequent 24-hour reperfusion was 34.5%±7.7% (n=3). The representative photographs of transverse slices following TTC staining are shown in [Figure 2](#f2-ijn-10-409){ref-type="fig"}.

Cardiac distribution of ^F^MP~20k~-R and ^F^MP~40k~-R
-----------------------------------------------------

Heart and plasma levels of the conjugates in normal, MI, and IR rats at 3, 12, and 24 hours after a single intravenous dose of 4 μmol/kg are listed in [Tables 3](#t3-ijn-10-409){ref-type="table"} and [4](#t4-ijn-10-409){ref-type="table"}. The results showed that compared to the normal group, the cardiac levels of the conjugates significantly (*P*\<0.01) increased in both MI and IR groups at each time point postdose. The plasma levels of the two conjugates in the MI group were significantly (*P*\<0.05 or *P*\<0.01) lower than the normal group at 12 hours postdose and the plasma level of ^F^MP~20k~-R was also significantly (*P*\<0.05) lower at 3 hours postdose. The tendency of cardiac distribution, expressed as the ratio of cardiac level to plasma level of the conjugate at each time point, was also compared among groups. The distribution tendency of ^F^MP~20k~-R was higher than that of ^F^MP~40k~-R in each group, and both of them were significantly higher in MI and IR rats than in normal rats ([Figure 3](#f3-ijn-10-409){ref-type="fig"}; [Tables 5](#t5-ijn-10-409){ref-type="table"} and [6](#t6-ijn-10-409){ref-type="table"}). In general, the ischemic heart targeting efficacy of the conjugates in MI and IR rats was around 2 ([Tables 5](#t5-ijn-10-409){ref-type="table"} and [6](#t6-ijn-10-409){ref-type="table"}). Different changing in targeting efficacy with time was observed between MI and IR rats and also between ^F^MP~20k~-R and ^F^MP~40k~-R ([Figure 4](#f4-ijn-10-409){ref-type="fig"}), which, together with the distribution tendency, is discussed in detail in the following section.

Discussion
==========

It was well known that macromolecular and nanoparticle carriers were capable of passively accumulating in solid tumors via the EPR effect.[@b26-ijn-10-409],[@b27-ijn-10-409] Similar to tumors, the EPR effect was also found in ischemic heart diseases in limited researches. Since the EPR effect is size-dependent and the "cut-off" size of the permeabilized vasculature varies from case to case, the size of carriers may control the efficacy of passive delivery to ischemic hearts.[@b28-ijn-10-409] It was reported that liposomes (mean diameter \~134 nm) were capable of accumulating in the border (the noninfarcted areas at risk) as well as the infarcted myocardia, but not in the nonischemic ones at 3 hours post-dose in a rat model of IR.[@b2-ijn-10-409] Micelles (7--20 nm) have been shown to passively accumulate in the ischemic myocardia at an efficiency of approximately eight times higher than in the adjacent normal zone at 3 hours postdose in a rabbit model of IR.[@b8-ijn-10-409] In the mouse models of both acute and chronic MI, micelles (\~15 nm) permeated the entire infarct area, which renders them very suited for the local delivery of cardioprotective or antiremodeling drugs. In comparison, liposomes (\~100 nm) displayed slower and more restricted extravasation from the vasculature and are therefore an attractive vehicle for the delivery of proangiogenic drugs.[@b29-ijn-10-409] In the present research, the PEG--ROP conjugates, with a hydrodynamic size approximately or beyond 10 nm,[@b21-ijn-10-409] were studied in parallel on the rat models of both MI and IR to clarify their ability to accumulate in the ischemic myocardia via the EPR effect. The results showed that the targeting efficacy for MP~20k~-R and MP~40k~-R was relatively lower, being approximately 2. This was believed to be due to the linear and flexible structure of the conjugates, which can help them cross the endothelium by a "snake-like" movement. Therefore, with the apparent molecular weight appearing to surpass the pore size of the endothelium, they still can pass through it, although at lower rates. However, unlike insoluble carriers, the PEG--ROP conjugates, as dissolved macromolecules, were prone to diffusion in the cardiac interstitium space, facilitating the drug to reach the perfusion-deficient and nonperfused areas. In addition, it was shown that in the rat MI model, the cardiac distribution tendencies of MP~20k~-R and MP~40k~-R, which were intravenously administrated at day 3 post-MI and allowed to circulate for 24 hours, were 1.95- and 2.57-fold higher than in the normal hearts, respectively. The values were comparable to that found in a previous research where anti-P-selectin immunoliposomes, injected 4 hours post-MI and allowed to circulate for 24 hours, showed a 92% increase in accumulation in the infarcted myocardium compared to the noninfarcted myocardium.[@b30-ijn-10-409] This suggested that PEGylation, as the method of choice for improving the pharmacokinetics and stability of parental agents,[@b13-ijn-10-409],[@b14-ijn-10-409] might achieve a targeting efficacy comparable to antibody-coated liposomes.

Taking into consideration the following two factors -- 1) the increased vascular permeability caused by the IR injury persisted for at least 48 hours and gradually recovered within 2 weeks;[@b31-ijn-10-409] and 2) the therapeutic interventions proven to reduce the infarct size in both experimental and clinical models were often administered at the time of myocardial reperfusion[@b32-ijn-10-409] -- the PEG--ROP conjugates were injected via the tail vein immediately after the IR surgery finished and were allowed to circulate for the predetermined amounts of time. For the rat model of MI, rats were subjected to prolonged periods of myocardial ischemia for 3 days without reperfusion. The conjugates were administered at the 3rd day post-MI because 1) vascular proliferation became quite prominent by day 3,[@b33-ijn-10-409] which offered increased possibility of delivering drug to the nonperfused necrotic zone, and 2) the occurrence of death of rats observably decreased at day 3 post-MI, ensuring that the drug-administered rats would survive until being sacrificed.

In general, there are three main factors that would affect drug distribution in the ischemic zone, that is, the tissue perfusion flow rate, the elimination half-life of drug, and the vascular permeability.[@b34-ijn-10-409] The first two determine the drug amount and duration of distribution while the last affects the efficacy of distribution. The distribution pattern of the PEG--ROP conjugates is related to their plasma pharmacokinetics, which may change under the ischemic condition. Therefore, the pharmacokinetics of one of the conjugates (ie, ^F^MP~20k~-R) in normal, MI, and IR rats was studied previously. The results showed that compared to the normal group, the blood conjugate concentrations in the IR group were significantly higher at the first three time points (ie, 5 minutes, 40 minutes, and 3 hours), but not at the later time points (data not shown), which made the pharmacokinetic parameters including area under the curve, mean residence time, apparent volume of distribution, and systemic clearance, but not terminal phase half-life, significantly change. These changes should not be completely attributed to the IR injury, because the rats in the IR group were intravenously dosed immediately after IR surgery and before they recovered from anesthesia. Thus, the blood samples at the initial time points were collected from rats that were still in the anesthesia status, which might also lead to pharmacokinetic changes. It was reported that serum lidocaine concentrations were higher in the anesthetized horses than in the awake horses at all time points during lidocaine administration and most pharmacokinetic variables of lidocaine also differed between the two groups.[@b35-ijn-10-409] Therefore, further research is needed to explore the real reason for the observed pharmacokinetic changes here. In the rat MI model, the blood conjugate concentration was significantly less than that in the normal group at 12 hours postdose and also a little lower at the other time points although no significant differences were observed. The apparent volume of distribution in MI rats was a little higher than that in normal rats, which is well related to the lower conjugate plasma concentration at each time point in MI rats. In terms of the fact that plasma drug concentrations would influence its cardiac distribution, the distribution tendency, expressed as the ratio of the cardiac level to the plasma level at the same time point, was compared among normal, MI, and IR rats, which would not only exclude the influence of pharmacokinetic changes on cardiac distribution, and thus truly reflect the targeting efficacy achieved by the EPR effect, but also eliminate the influence of the dose deviation.

In IR, microvascular obstruction has been confirmed to happen in the ischemic regions. The major contributing factors include capillary damage with impaired vasodilatation; external capillary compression by endothelial cell and cardiomyocyte swelling; platelet micro-thrombi; the release of soluble vasomotor and thrombogenic substances; and neutrophil plugging.[@b36-ijn-10-409] This significantly reduces blood circulation in the ischemic regions. Compared to IR, the infarct region is further poorly perfused in acute MI due to no reperfusion. After the acute episode of infarction, a scar forms in an attempt to repair the necrotic area. The infarct area, which is avascular and composed predominately of fibrillar collagen, is enclosed by a border zone which is still somewhat nourished by a vasculature. In chronic MI, although perfusion is partially restored by angiogenesis,[@b37-ijn-10-409] the endothelium of these newly formed blood vessels was shown recently to be highly intact, making its permeability to macromolecules and nano-sized carrier systems rather low.[@b29-ijn-10-409],[@b38-ijn-10-409] Thus, the distribution of macromolecular drugs to the necrotic core in MI should depend mainly on diffusion from peripheral interstitium, making the total distribution to the ischemic area relatively slow and uneven in MI compared to IR. However, once distributed, macromolecules would retain more efficiently in MI than in IR for the same reason. The above might explain the results observed in this study that at the time point of 3 hours, the targeting efficacy of both MP~20k~-R and MP~40k~-R in IR was higher than in MI; however, the trend was reversed with the increase of time to 12 and 24 hours.

The change of drug levels in myocardial tissues depends on the compromise of two counteracted courses, ie, drug distribution from blood into the tissue and drug elimination from the tissue. Both of the courses further depend on their respective rate constant (k) and concentration gradient existing between the two sides of transportation if the drug is stable. There are several pathways by which distributed drugs are eliminated from interstitium, including 1) returning back to the blood and 2) transporting into lymphatic vessels by diffusion and tissue cells by pinocytosis.

The reported glomerular filtration thresholds for PEG alone and PEGylated ROP were approximately 30 kDa[@b39-ijn-10-409],[@b40-ijn-10-409] and 25.4 kDa,[@b21-ijn-10-409] respectively. The smaller threshold value for PEGylated ROP was believed to be due to its more spherical shape as well as lower flexibility and deformability in blood than the linear PEG agent alone. As the hydrodynamic sizes of MP~20k~-R and MP~40k~-R were approximately the same as and somewhat beyond the sieving threshold of the glomerular capillary wall (\~10 nm),[@b41-ijn-10-409] respectively, MP~20k~-R was eliminated from blood approximately 2.5-fold faster than MP~40k~-R. Due to faster concentration drop in blood than in myocardial tissues, the cardiac distribution tendency of MP~20k~-R increased in both myocardial ischemic and normal rats at all time points studied. While the EPR effect-mediated targeting of long-circulating drugs and drug carriers in tumors took at least several hours to proceed,[@b42-ijn-10-409],[@b43-ijn-10-409] a maximum or nearly maximum targeting efficacy has been observed for MP~20k~-R after only 3 hours postdose both in IR and MI. This should, at least in part, benefit from its relatively small size and, thus, fast diffusion ability. However, the targeting efficacy of MP~20k~-R decreased at 12 and 24 hours in IR, indicating that faster-than-normal cardiac tissue elimination happened in IR rather than MI due to its better-than-MI perfused status and higher-than-normal vascular permeability. Compared to MP~20k~-R, the distribution tendency of MP~40k~-R changed differently with time, which increased first and then leveled off. The reason for the initial increase was similar to that for MP~20k~-R; however, a much smoother cardiac level--time profile was observed for MP~40k~-R, suggesting a good offset between distribution into and elimination from myocardia. With the blood elimination rate of MP~40k~-R decreasing to a certain degree, both blood and heart MP~40k~-R levels changed slowly and comparably, resulting in a nearly constant distribution tendency. As for the targeting efficacy, it was shown that more time was needed for larger-in-size MP~40k~-R to reach the maximum. In addition, unlike MP~20k~-R, the targeting efficacy of MP~40k~-R did not drop in IR with time. This suggested that the above-mentioned second cardiac elimination pathway, which is blood perfusion-independent, contributed much more significantly to the total cardiac elimination of MP~40k~-R due to the reduced vascular penetration ability of MP~40k~-R. In general, the results obtained here were coincided well with a previous report,[@b34-ijn-10-409] in which the cardiac distribution of 20- and 40-kDa PEGs in normal mice and mice with myocardial ischemia induced by isoprenaline injection was investigated. Therefore, it is reasonable to believe that with quicker distribution to hearts, MP~20k~-R is more suitable to treat acute myocardial ischemia, while with a smoother cardiac level--time profile, MP~40k~-R is beneficial especially for long-term prophylaxis and/or treatment of myocardial ischemia.

Coronary artery ligation and isoprenaline injection are two commonly used methods to prepare the rat model of myocardial ischemia for the assessment of in vivo activity of drugs.[@b44-ijn-10-409] Though both are effective to induce myocardial ischemia or infarction, circumstances caused by the former are more clinically relevant; namely, it can be used to imitate the clinical status of patients who suffer long-term coronary artery blockage or transient coronary artery blockage followed by reperfusion with the use of thrombolytic therapy or primary percutaneous intervention.

Conclusion
==========

The cardiac distribution of two mono-PEGylated ROPs (MP~20k~-R and MP~40k~-R) was significantly enhanced in both MI and IR rats due to the EPR effect caused by ischemia. In general, the ischemic heart targeting efficacy of the conjugates in MI and IR rats was approximately 2; however, different changing in targeting efficacy with time was observed between MI and IR rats and also between MP~20k~-R and MP~40k~-R. Although the EPR effect-based targeting efficacy of mono-PEGylated ROPs was not high, they, as dissolved macromolecules with a linear and flexible structure, are prone to diffuse in the cardiac interstitium space, and thus, facilitate the drug to reach the perfusion-deficient and nonperfused areas. These findings are helpful in choosing the targeting strategy for ischemic myocardia.

This work was supported by Program for New Century Excellent Talents in University (NCET-13-0906), the National Natural Science Foundation of China (81073065), the Key Discipline Project of Shanghai Education Committee (J50302), and the "085" Project (085ZY1219) of Shanghai University of TCM.

**Disclosure**

The authors report no conflicts of interest in this work.

![Representative chromatograms.\
**Notes:** Representative chromatograms for the determination of ^F^MP~20k~-R (**A**) and ^F^MP~40k~-R (**B**) in the heart tissue by HPGPC. 1= blank heart tissue; 2= blank heart tissue spiked with standard ^F^MP~20k~-R solution; 3= heart tissue sample collected at 3 hours after intravenous administration of ^F^MP~20k~-R; 4= blank heart tissue spiked with standard ^F^MP~40k~-R solution; 5= heart tissue sample collected at 3 hours after intravenous administration of ^F^MP~40k~-R.\
**Abbreviations:** ^F^MP~20k~-R, 20-kDa PEG mono-modified ROP; ^F^MP~40k~-R, 40-kDa PEG mono-modified ROP; HPGPC, high-performance gel permeation chromatography; PEG, polyethylene glycol; ROP, Radix Ophiopogonis polysaccharide.](ijn-10-409Fig1){#f1-ijn-10-409}

![Representative TTC staining photographs.\
**Notes:** Representative TTC staining photographs of heart transverse slices from a rat receiving IR surgery with reperfusion for 24 hours (**A**, infarct size =43.4%) and slices from a rat receiving MI surgery with a prolonged period of ischemia for 4 days (**B**, infarct size =19.2%).\
**Abbreviations:** IR, ischemia/reperfusion; MI, myocardial infarction; TTC, triphenyltetrazolium chloride.](ijn-10-409Fig2){#f2-ijn-10-409}

![Cardiac distribution tendency.\
**Note:** Cardiac distribution tendency of ^F^MP~20k~-R (**A**) and ^F^MP~40k~-R (**B**) versus time profiles in normal, IR, and MI rats.\
**Abbreviations:** ^F^MP~20k~-R, 20-kDa PEG mono-modified ROP; ^F^MP~40k~-R, 40-kDa PEG mono-modified ROP; IR, ischemia/reperfusion; MI, myocardial infarction; PEG, polyethylene glycol; ROP, Radix Ophiopogonis polysaccharide.](ijn-10-409Fig3){#f3-ijn-10-409}

![Cardiac targeting efficacy.\
**Note:** Cardiac targeting efficacy of ^F^MP~20k~-R (**A**) and ^F^MP~40k~-R (**B**) at predetermined times postdose in the rat models of MI and IR.\
**Abbreviations:** ^F^MP~20k~-R, 20-kDa PEG mono-modified ROP; ^F^MP~40k~-R, 40-kDa PEG mono-modified ROP; IR, ischemia/reperfusion; MI, myocardial infarction; PEG, polyethylene glycol; ROP, Radix Ophiopogonis polysaccharide.](ijn-10-409Fig4){#f4-ijn-10-409}

###### 

Linearity and sensitivity of detection for ^F^MP~20k~-R and ^F^MP~40k~-R in rat myocardia by HPGPC (n=7)

  Samples        Standard curves   Linear ranges (μg/mL)   Correlation coefficients   DL (μg/mL)   QL (μg/mL)
  -------------- ----------------- ----------------------- -------------------------- ------------ ------------
  ^F^MP~20k~-R   H=54.867C-0.051   1.42--91.09             0.9997                     0.28         0.94
  ^F^MP~40k~-R   H=33.212C-0.083   5.79--370.91            0.9994                     0.44         1.45

**Abbreviations:** DL, detection limit; ^F^MP~20k~-R, 20-kDa PEG mono-modified ROP; ^F^MP~40k~-R, 40-kDa PEG mono-modified ROP; HPGPC, high-performance gel permeation chromatography; PEG, polyethylene glycol; QL, quantification limit; ROP, Radix Ophiopogonis polysaccharide.

###### 

Recovery, accuracy, and precision for the assay of ^F^MP~20k~-R and ^F^MP~40k~-R in rat myocardia by HPGPC (n=5)

  Samples        Added concentration (μg/mL)   Recovery (%)   Accuracy (%)   Precision RSD (%)   
  -------------- ----------------------------- -------------- -------------- ------------------- -------
  ^F^MP~20k~-R   2.85                          55.46±2.13     97.39±6.87     10.61               8.87
  11.39          59.49±3.68                    99.94±2.42     2.63           4.76                
  45.55          65.91±1.79                    100.78±1.23    1.24           2.04                
  ^F^MP~40k~-R   11.59                         48.02±5.70     97.72±9.03     9.20                15.65
  46.36          54.16±5.78                    94.08±9.46     5.93           11.75               
  185.45         59.74±4.24                    97.85±6.86     6.69           6.09                

**Abbreviations:** ^F^MP~20k~-R, 20-kDa PEG mono-modified ROP; ^F^MP~40k~-R, 40-kDa PEG mono-modified ROP; HPGPC, high-performance gel permeation chromatography; PEG, polyethylene glycol; ROP, Radix Ophiopogonis polysaccharide; RSD, relative standard deviation.

###### 

Concentrations of ^F^MP~20k~-R in myocardium and plasma after a single intravenous dose of 4 μmol/kg in rats (n=4--5)

  Biosample    Group                                                             Concentration (μmol/L)                                                                                                        
  ------------ ----------------------------------------------------------------- ----------------------------------------------------------- ----------------------------------------------------------------- -------------
  Myocardium   Normal                                                            0.535±0.051                                                 0.267±0.021                                                       0.159±0.023
  IR           1.222±0.149[\*\*](#tfn3-ijn-10-409){ref-type="table-fn"}          0.372±0.041[\*\*](#tfn3-ijn-10-409){ref-type="table-fn"}    0.227±0.020[\*\*](#tfn3-ijn-10-409){ref-type="table-fn"}          
  MI           0.876±0.134[\*\*](#tfn3-ijn-10-409){ref-type="table-fn"}^,\#\#^   0.384±0.086[\*\*](#tfn3-ijn-10-409){ref-type="table-fn"}    0.332±0.012[\*\*](#tfn3-ijn-10-409){ref-type="table-fn"}^,\#\#^   
  Plasma       Normal                                                            18.11±1.25                                                  4.54±0.94                                                         1.51±0.23
  IR           20.42±5.23                                                        4.22±0.53                                                   1.63±0.14                                                         
  MI           15.14±0.74[\*](#tfn4-ijn-10-409){ref-type="table-fn"}             3.08±0.47[\*](#tfn4-ijn-10-409){ref-type="table-fn"}^,\#^   1.60±0.07                                                         

**Notes:**

*P*\<0.01

*P*\<0.05, compared with the normal group.

*P*\<0.01

*P*\<0.05, compared with the IR group.

**Abbreviations:** ^F^MP~20k~-R, 20-kDa polyethylene glycol mono-modified Radix Ophiopogonis polysaccharide; IR, ischemia/reperfusion; MI, myocardial infarction.

###### 

Concentrations of ^F^MP~40k~-R in myocardium and plasma after a single intravenous dose of 4 μmol/kg in rats (n=4--5)

  Biosample    Group                                                           Concentration (μmol/L)                                                                                                
  ------------ --------------------------------------------------------------- ---------------------------------------------------------- ---------------------------------------------------------- -------------
  Myocardium   Normal                                                          0.944±0.105                                                0.789±0.078                                                0.407±0.064
  IR           1.739±0.233[\*\*](#tfn8-ijn-10-409){ref-type="table-fn"}        1.159±0.126[\*\*](#tfn8-ijn-10-409){ref-type="table-fn"}   0.785±0.096[\*\*](#tfn8-ijn-10-409){ref-type="table-fn"}   
  MI           1.367±0.166[\*\*](#tfn8-ijn-10-409){ref-type="table-fn"}^,\#^   1.137±0.188[\*\*](#tfn8-ijn-10-409){ref-type="table-fn"}   0.894±0.094[\*\*](#tfn8-ijn-10-409){ref-type="table-fn"}   
  Plasma       Normal                                                          50.63±4.53                                                 25.66±1.70                                                 17.68±1.33
  IR           57.34±2.14                                                      21.95±3.89                                                 15.05±1.70                                                 
  MI           50.47±1.62[\#\#](#tfn9-ijn-10-409){ref-type="table-fn"}         18.78±2.31[\*\*](#tfn8-ijn-10-409){ref-type="table-fn"}    15.50±2.61                                                 

**Notes:**

*P*\<0.01, compared with the normal group.

*P*\<0.01

*P*\<0.05, compared with the IR group.

**Abbreviations:** ^F^MP~40k~-R, 40-kDa polyethylene glycol mono-modified Radix Ophiopogonis polysaccharide; IR, ischemia/reperfusion; MI, myocardial infarction.

###### 

Cardiac distribution tendency of ^F^MP~20k~-R in normal, IR, and MI rats and cardiac targeting efficacy of ^F^MP~20k~-R in IR and MI rats at predetermined times postdose (n=4--5)

  Time   Distribution tendency (%)   Targeting efficacy                                                                                                                                                                     
  ------ --------------------------- ---------------------------------------------------------- ----------------------------------------------------------------- --------------------------------------------------------- -------------------------------------------------------
  3 h    2.96±0.22                   6.22±1.28[\*\*](#tfn12-ijn-10-409){ref-type="table-fn"}    5.79±0.80[\*\*](#tfn12-ijn-10-409){ref-type="table-fn"}           2.10±0.43                                                 1.96±0.27
  12 h   6.01±0.87                   8.82±0.26[\*\*](#tfn12-ijn-10-409){ref-type="table-fn"}    12.54±2.70[\*](#tfn13-ijn-10-409){ref-type="table-fn"}            1.47±0.04[\$\$](#tfn15-ijn-10-409){ref-type="table-fn"}   2.11±0.45
  24 h   10.65±1.31                  14.06±2.12[\*\*](#tfn12-ijn-10-409){ref-type="table-fn"}   20.74±1.22[\*\*](#tfn12-ijn-10-409){ref-type="table-fn"}^,\#\#^   1.32±0.20[\$\$](#tfn15-ijn-10-409){ref-type="table-fn"}   1.95±0.11[&&](#tfn16-ijn-10-409){ref-type="table-fn"}

**Notes:**

*P*\<0.01

*P*\<0.05, compared with the normal group;

*P*\<0.01, compared with the IR group;

*P*\<0.01, compared with the targeting efficacy at 3 hours postdose;

*P*\<0.01, compared with the IR group at 24 hours.

**Abbreviations:** ^F^MP~20k~-R, 20-kDa polyethylene glycol mono-modified Radix Ophiopogonis polysaccharide; IR, ischemia/reperfusion; MI, myocardial infarction.

###### 

Cardiac distribution tendency of ^F^MP~40k~-R in normal, IR, and MI rats and cardiac targeting efficacy of ^F^MP~40k~-R in IR and MI rats at predetermined times postdose (n=4--5)

  Time   Distribution tendency (%)   Targeting efficacy                                                                                                                        
  ------ --------------------------- --------------------------------------------------------- --------------------------------------------------------- --------------------- ---------------------------------------------------------
  3 h    1.88±0.31                   3.04±0.44[\*\*](#tfn18-ijn-10-409){ref-type="table-fn"}   2.71±0.27[\*](#tfn19-ijn-10-409){ref-type="table-fn"}     1.61±0.23             1.44±0.14
  12 h   3.07±0.22                   5.35±0.62[\*\*](#tfn18-ijn-10-409){ref-type="table-fn"}   6.08±0.94[\*](#tfn19-ijn-10-409){ref-type="table-fn"}     1.74±0.20             1.98±0.31
  24 h   2.30±0.34                   5.22±0.16[\*\*](#tfn18-ijn-10-409){ref-type="table-fn"}   5.91±1.29[\*\*](#tfn18-ijn-10-409){ref-type="table-fn"}   .26±0.07^\$\$,\#\#^   2.57±0.56[\$\$](#tfn20-ijn-10-409){ref-type="table-fn"}

**Notes:**

*P*\<0.01

*P*\<0.05, compared with the normal group;

*P*\<0.01, compared with the targeting efficacy at 3 hours;

*P*\<0.01, compared with the targeting efficacy at 12 hours.

**Abbreviations:** ^F^MP~40k~-R, 40-kDa polyethylene glycol mono-modified Radix Ophiopogonis polysaccharide; IR, ischemia/reperfusion; MI, myocardial infarction.

[^1]: \*These authors contributed equally to this work as co-first authors
